This work evaluates the performance of the group contribution volume translated Peng-Robinson model when predicting the vapor-liquid equilibrium and single phase densities of 28 commercial refrigerant mixtures with low global warming potential and zero ozone depletion potential. Cubic equations of state, and particularly the Peng-Robinson equation of state, are widely used in the refrigeration industry due to their easy applicability for new substances, and their low computational time, although generally lower prediction accuracies must be expected compared to multiparameter equations of state. The group contribution volume translated Peng-Robinson equation of state combines the Peng-Robinson equation of state with a new attraction term, improved mixing rules using a group contribution approach, and volume translation. The results are compared with the estimates obtained using the non translated Peng-Robinson equation of state, and a multiparameter equation of state.
57
The first cubic equation of state was developed by 58 van der Waals (1873), and is expressed as follows:
where the a and b parameters are functions of the 60 critical pressure and critical temperature of the fluid, 61 and R is the ideal gas constant. The parameter a is 62 called the attraction term, and b is the covolume (or 63 effective molecular volume) as they account, respec-64 tively, for the attraction and repulsion forces between tives of these EoS in a form compatible with the multi-21 parameter Helmholtz-energy-explicit EoS. In this frame-22 work, the cEoS is expressed in the following form:
where ∆ 1 and ∆ 2 are different for each EoS, being 24 ∆ 1 = 1 + √ 2 and ∆ 2 = 1 − √ 2 for the PR EoS. 25 The PR EoS is a modification of the SRK EoS that predictions (Frey et al., 2007) . 34 The PR EoS for a pure fluid, expressed explicitly 35 in terms of pressure, has the following form:
where the parameters are expressed as follows: 37 a c = 0.45724
where the term m is a function of the acentric factor and is given as follows (for ω ≤ 0.491):
m(ω) = 0.37464 + 1.54226ω − 0.26992ω 2 . (7) For ω > 0.491, the alternative form in Peng and x i x j a i j ; a i j = √ a c,i a c, j
As mentioned in the previous section, cEoS gen-52 erally yield poor predictions of liquid phase densi-53 ties. For instance, the conventional PR EoS yields 54 errors of more than 17% in the prediction of the den-55 sity of ordinary water at 298 K and 1 bar. A standard 56 approach to address this problem is to apply a correc-57 tion to the liquid volume, which has nearly no impact 58 on the gas region volumes.
1
The correction (or translation) term c, which is applied as in v corr = v EoS + c equals the difference be-3 tween the predicted and experimental saturated liq-4 uid molar volumes at the reduced temperature T r = 5 0.7 (Schmid and Gmehling, 2012) as:
Based on this term, the volume translated Peng-7 Robinson equation of state (PR+ EoS) can be rewrit-8 ten as:
.
(11) This approach yields good results, although tem-10 perature dependent volume translations could also be 11 used in order to enhance the accuracy near the criti-12 cal point, or for specific fluids (Ji and Lempe, 1997) . properties of fluids. This modification is, in fact a 25 group contribution volume translated version of the 26 PR EoS, and will be referred to as GC-VTPR EoS in 27 this manuscript for simplicity.
28
As explained in the previous section, this new 29 EoS applies a constant translation to the molar vol-30 ume to improve the accuracy of the predictions in the 31 liquid region. Moreover, the attraction term used is 32 the one presented by Twu et al. (1991) , which is ex-33 pressed as follows: 
The prediction of the residual part of the Gibbs 53 energy g E,R by a group contribution approach will be 54 further discussed in detail in the next section. To con-55 clude, the mixing rule used for the volume translation 56 parameter c is given as follows:
The Universal Quasichemical Functional Group
Activity Coefficients
59
The residual part of the excess Gibbs energy from 60 Eq. (15) is defined through the activity coefficients as 1 follows:
Here g E,R represents the excess molar Gibbs en- 
The combinatorial part is defined as:
Here x i is the molar fraction of the component 24 i, z refers to the coordination number (usually equal 25 to 10), φ i is the segment fraction, θ i is the area frac-26 tion, r i is the molecular van der Waals volume, and 27 q i is the molecular surface area. Each of the last four 28 variables are defined as follows:
33
where v (i) k is the number of groups of type k in Table 8 .23).
37
The residual part of the activity coefficient is ex-38 pressed as:
where Γ k is the residual activity coefficient of group 
Here θ m is the area fraction of group m, ψ mn is the use of the available groups, and was therefore given 61 its own group. The group decompositions of the con-62 sidered fluids are described in Table 2 , and once spec-63 ified, were not changed.
64 Table 2 : Molecules and secondary group decomposition of the components of the studied mixtures, derived from the group decompositions of Gmehling (1985) . The group indices correspond to the subgroup indices sgi and are defined in Table 3 .
The group normalized surface area Q k for each 65 of the k groups can in theory be calculated by ab 66 initio approaches in which an isosurface of the elec- In the fitting campaign, only vapor-liquid equilibrium data for which the composition of both of the co-existing phases were known were considered. For phases in equilibrium, the chemical potential of all components in all phases must be equal. The equality of chemical potentials can be expressed as:
where µ i and µ i are the chemical potentials of species i in the saturated liquid and vapor, respectively, and
x and x are the compositions of the liquid and vapor phases, respectively. This equality can be shown (Kunz et al., 2007, pp. 58-59) to be equal to the equality of fugacity coefficients times their respec-tive mole fraction, as:
which is equivalent (from f i = x i pϕ i ) to the fugacities of all components in all phases being equal, as:
The goal of the optimizer is then to best satisfy the phase equilibrium conditions for all of the experimental data points by adjusting the group surface areas and interaction parameters. For the k-th experimental data point, we have the expense contribution as follows:
(32) The cost function to be minimized by modifying the group-group interaction parameters is the summation of the weighted expense contributions as:
The optimization of the adjustable parameters is 
Results

43
In this section, the performance of the GC-VTPR parameter χ with respect to the experimental value is 8 defined as follows:
The results in this section begin with a discus- calculated bubble point; calculated dew point. Experimental data points are taken from the literature (Kleemiss, 1997; Kato and Nishiumi, 2006; Higuchi and Higashi, 1995; Benmansour and Richon, 1999; Widiatmo et al., 1997; Nagel and Bier, 1995; Holcomb et al., 1998; Higashi, 1999a; Kobayashi and Nishiumi, 1998; Kim and Park, 1999; Nishiumi and Ohno, 2000) pressures. This is the case described above for isobu-13 tane + R-125. In general, where wide-ranging PTXY 14 data were available for a given binary mixture, the 15 model is able to represent the data faithfully. The 
Pure Fluid Saturated Liquid Densities
The calculation of the volume translation param- , 1926; Coffin and Maass, 1928; Kay, 1940; Benoliel, 1941; Carney, 1942a,b; Legatski et al., 1942; Cragoe, 1943; Olds et al., 1944; Prengle et al., 1948; Klosek and McKinley, 1968; Sliwinski, 1969; Haynes and Hiza, 1976; McClune, 1976; Haynes and Hiza, 1977; Calado et al., 1978; Orrit and Laupretre, 1978; Thompson and Miller, 1980; Hsu et al., 1985; Kaminishi et al., 1988; Niesen, 1989; Vasserman et al., 1989; Holcomb et al., 1995; Kumagai and Takahashi, 1995; Dahlhoff et al., 2000; Glos et al., 2004; Kayukawa et al., 2005; Miyamoto and Uematsu, 2007 and Higashi, 1995; Widiatmo et al., 1995; Fujimine et al., 1999; Higashi, 1999b; Kishizawa et al., 1999; Uchida et al., 1999). lation; this is by design as the volume translation is intended to "repair" the saturated liq- The interaction parameters a mn for Eq. (28) are 31 collected in Table B .5. The parameters for a 45 and 32 a 54 are unknown (and set to zero) because these groups 33 
